Abstract We analyzed the morphological and molecular phylogenetic characteristics of Sus bone and tooth specimens excavated from the Noguni shell midden and the Noguni B shell midden (c. 7200-4400 uncal. BP), in Okinawa main island. They were compared with those of Sus remains from later sites on the Okinawa Islands (c. 4800-1400 uncal. BP) as well as modern Ryukyu wild boar (Sus scrofa riukiuanus). Based on the length and breadth of lower third molars, Sus specimens from the Noguni shell middens were distinctly smaller than those from modern Ryukyu wild boar. Lower third molars from the Noguni shell middens also show a different size range from those of other ancient sites in the Okinawa Islands. Some haplotypes from the Noguni B shell midden belong to a different cluster from modern Ryukyu wild boar based on the analysis of mitochondrial DNA D-loop region, although nucleotide sequences are fragmentary. The morphological and molecular phylogenetic analyses indicate that Sus from the Noguni shell middens included different populations from modern Ryukyu wild boar. We suggest two possible hypotheses: first, the Sus from the Noguni shell middens were introduced to Okinawa main island from elsewhere; second, prehistoric wild boar that inhabited the Ryukyu Islands had a larger morphological and genetic variability than modern Ryukyu wild boar.
Introduction
Although domestic pigs (Sus scrofa) play an important role in traditional food resources in the Ryukyu Islands, southern Japan (e.g. Shimabukuro, 1989) , the origin of domestic pigs in the Ryukyu Islands is not clear yet. From historical evidence, the oldest date for the introduction of domestic pigs to the Ryukyu Islands was in the 14th century, from China (Shimabukuro, 1989) . Although Naora (1937) suggested that Ryukyu wild boar (Sus scrofa riukiuanus), one of the subspecies of wild boar that inhabits the Ryukyu Islands, could be feral domestic pigs that were imported from other locations in East Asia to the Ryukyu Islands by humans during the Holocene, this theory is no longer supported as findings of fossil Sus from Pleistocene sites in the Ryukyu Islands indicate that wild pigs have existed in Ryukyu since the Pleistocene (e.g. Oshiro and Nohara, 2000) . Recent molecular phylogenetic studies also show that Ryukyu wild boar did not contribute genetically to the domestic pigs in the Ryukyu Islands (Watanobe et al., 1999; Takada et al., 2008) . Previous morphological and molecular phylogenetic studies suggest that Ryukyu wild boar is a relic of a Eurasian continental population (Imaizumi, 1973; Watanobe et al., 1999) . These previous studies suggest that there were no domestic pigs but only Ryukyu wild boar inhabiting the Ryukyu Islands during prehistoric times.
The fact that the domestication of wild boar in East or Southeast Asia had already begun much earlier than the 14th century AD, however, raises a possibility that domestic pigs may have been introduced to the Ryukyu Islands before this date. Wild boar had been domesticated as early as 9000 to 6000 BP in China (Zhang et al., 1993) . Larson et al. (2007) also indicated that domestic pigs spread with prehistoric human dispersal from East Asia to Micronesia via Taiwan, which is in geographical proximity to the Ryukyu Islands. Furthermore, Watanobe et al. (2002) detected haplotypes of mitochondrial DNA (mtDNA) that were not similar to Ryukyu wild boar but genetically related to East Asian domestic Sus lineage from bone specimens excavated from early Yayoi-Heian period sites, c. 2000 to 1700 uncalibrated radiocarbon years before present (uncal. BP), in the Okinawa Islands, part of the Ryukyu Islands. In light of these studies, we have to consider the possibility that import of Sus from other locations in Asia to the Ryukyu Islands might have occurred during prehistoric times.
In order to examine the report by Watanobe et al. (2002) that introduction of Sus to the Ryukyu Islands from a foreign territory occurred much earlier than the Yayoi-Heian period, we focused on material from Noguni shell midden and the Noguni B shell midden (Noguni shell middens). The Noguni shell middens are prehistoric sites on Okinawa main island that chronologically range from c. 7200 to 4400 uncal. BP. As well as the large amount of Sus bones (minimum number of individuals = 661) unearthed from the sites (Morimoto, 1984) , Kawashima and Muraoka (1984) have reported that the sizes of mandibles from the Noguni B shell midden were smaller than those of modern Ryukyu wild boar from Okinawa main island. The reason for this size differences is not yet clear. Since Kawashima and Muraoka (1984) did not compare the samples from the Noguni B shell midden to those from other archaeological sites in Okinawa main island, the possibility that Sus in Okinawa main island has become physically larger over time could not be excluded. Furthermore, there was not enough evidence to exclude the possibility that Sus from Noguni was a different population from modern Ryukyu wild boar, such as domestic pigs imported by humans to Okinawa main island. To evaluate the change of the Sus size in Okinawa main island through time as well as to examine the origin of dwarf Sus group found at the Noguni shell middens, we investigated the morphological and molecular phylogenetic differences between Sus specimens from the Noguni shell middens and chronologically later sites on the Okinawa Islands (from c. 4800 to 1400 uncal. BP) as well as modern Ryukyu wild boar.
Specifically we analyzed bone and tooth specimens of Sus excavated from archaeological sites in the Okinawa Islands including the Noguni shell middens, chronologically ranging from the Jomon period to the Yayoi-Heian period (c. 7200 to 1400 uncal. BP). Morphological and molecular phylogenetic data obtained from archaeological samples were also compared with those of modern Ryukyu wild boar. The primary purpose of this study is to investigate whether external introduction of Sus into the Ryukyu Islands took place during prehistoric times, i.e. earlier than the 12th century AD according to archaeological chronology.
We used tooth specimens for morphological analysis for the following reasons: first, the number of tooth specimens excavated from archaeological sites is relatively larger than other body elements; second, it is difficult to collect bone samples of the extremities from modern Ryukyu wild boar; third, reduction in size, which is one of the indicators of domestication, also occurs in teeth (Flannery, 1983) . In order to compare the Noguni specimens with specimens from other chronologically later sites, we analyzed Sus teeth from Ie and Kume Islands, close to Okinawa main island. Because Ie Island is not suitable habitat for Ryukyu wild boar, it is suggested that wild boar or domestic pigs were imported from Okinawa main island to Ie Island for consumption during prehistoric times (Matsui, 1997) . For the same reason, there is a possibility that Sus was imported from Okinawa main island to Kume Island in prehistoric times. Based on this assumption, in the statistical analysis, we regarded Sus tooth specimens from archaeological sites in Ie and Kume Islands that are chronologically later than the Noguni shell middens as the same group as the specimens from Okinawa main island.
Molecular phylogenetic analysis was carried out by using mandibles from the Noguni B shell midden. We added haplotypes of Sus from archaeological sites in the Okinawa Islands from a previous study and haplotypes derived from a database to our data from the Noguni B shell midden.
Materials and Methods

Archaeological sites and specimens
For morphological analysis, a total of 185 lower third molar specimens derived from an estimated minimum of 93 individuals were collected from seven archaeological sites in the Okinawa Islands including the Noguni shell middens ( Figure 1 , Table 1 ). Data from archaeological sites in the Okinawa Islands were also used in a previous study , and we added 26 new tooth specimens from the Noguni B shell midden to the analysis. Specimens from the Noguni shell middens are different from those used by Kawashima and Muraoka (1984) . In addition, lower third molar specimens of 18 individuals of modern Ryukyu wild boar in Okinawa main island, derived from National Museum of Nature and Science (Tokyo, Japan) collections, were used for morphological analysis.
Two chronological systems are frequently used to describe the prehistory of the Ryukyu Islands (Takamiya, 2006) . The first divides the prehistoric Ryukyu Islands into early and late Shell Midden Periods. The second system uses a chronology based on that of mainland Japan. We used the latter system in this paper. The archaeological chronology and approximate dates of the sites included in the present study are as follows (see Figure 1 For molecular phylogenetic analysis, 28 mandibles from the Noguni B shell midden were used. Among these mandible specimens, 26 samples had lower third molars which were also included in the above-mentioned morphological analysis (Table 1) .
Morphological analysis of lower third molar
The length and breadth of lower third molars (M 3 ) were measured using the protocol described by von den Driesch (1976) (Figure 2) . A scatter plot of all measurements was made.
Statistical analyses
For statistical analysis of the length and breadth of M 3 , we used measurements from three sources (categories) that had an adequate number of samples: the Noguni shell middens (Noguni), the Gushibaru shell midden (Gushibaru), and modern Ryukyu wild boar (RWB). To investigate whether or not means of the length and breadth of M 3 from these three categories are significantly different from each other, multiple comparisons using the software "R" (R Development Core Team, 2005) were performed. We confirmed that the length and breadth of M 3 from the above-mentioned three categories obey a normal distribution by using the Shapiro-Wilk test with a significance level at 5%. Then, to test equalities of variances of the length and breadth of M 3 from Noguni, Gushibaru, and RWB, Bartlett's test was carried out with a significance level at 5%. In the case that variances of the measurement of M 3 were suggested to be equal across these three categories, Student's t-test was carried out with significance level of 5%. However, if variances of the measurement of M 3 from these three categories were unequal, we used Welch's test with a significance level at 5% for means of measurements of M 3 . In relation to both pairwise tests, we used the Bonferroni correction.
Extraction of ancient DNA from Noguni B shell midden specimens
The soil and outer layers of the bone specimens were removed by scraping with a sterile razor blade to avoid possible contamination from surfaces of the archaeological remains. Bone powders (0.5-1.0 g) were collected from each sample using an electric drill. These bone powder samples were suspended in 10 ml of 0.5 M ethylendiaminetetraacetate (EDTA), decalcified by overnight rotation, and centrifuged at 3000 rpm for 15 min at room temperature (RT). The supernatant was removed, and pellets of bone powders were repeatedly decalcified with 10 ml of 0.5 M EDTA. This decalcification procedure was repeated until the supernatant became clear. Decalcified bone powders were treated overnight in 5 ml of 0.5 M EDTA with proteinase K (300 μg/ml) and 0.5% N-lauryl sarcosine with slight modifications of the method of Hardy et al. (1995) . Samples were centrifuged at 3000 rpm for 15 min at RT, and the supernatant containing the ancient DNA (aDNA) was extracted twice with phenol, and once with chloroform to remove proteins. The supernatant was concentrated by using Amicon Ultra-15 (Millipore, Billerica, MA) and washed with distilled water. These treatments concentrated the aDNA samples to a final volume of approximately 200 μl. Extracted aDNA was directly used as polymerase chain reaction (PCR) templates. Precautions were taken to prevent contamination from other aDNA, as described by Okumura et al. (1999) . Blank extractions without bone powders were used to verify that no contamination had occurred during extraction.
PCR and direct sequencing of mtDNA D-loop region
To amplify the aDNA, we used three primer sets, A, B, and C, designed within the Sus mtDNA D-loop region. Primers mitL112 (5′-GCGCACAAACATACAAATATGCG 110 ) and mitH62 (5′-CCTGCCAAGCGGGTTGCTG
352
) for set A, mitL119 (5′-CAGTCAACATGCGTATCACC 301 ) and mitH124 (5′-ATGGCTGAGTCCAAGCATCC 567 ) for set B, and mitL104 (5′-TGGACTAGTGACTAATCAGCCCAT
518
) and mitH106 (5′-ACGTGTACGCACGTGTACGC 704 ) for set C amplify 273, 305, and 229 bp fragments, respectively (Watanobe et al., 2001; Ishiguro et al., 2002) . The numbers shown at the upper right of the primers denote the nucleotide positions in the D-loop region (Okumura et al., 1996) . L and H designate light and heavy strands, respectively. PCRs were performed using the following conditions: one cycle of DNA denaturation and AmpliTaq Gold (Applied Biosystems by Life technologies, Carlsbad, CA, USA) activation at 95°C for 10 min was followed by 45 cycles of denaturation at 94°C for 30 s, annealing at 57°C (59°C for a primer A set) for 30 s and extension at 72°C. In addition, extension at 72°C for 5 min was performed. After the first PCR, a seminested PCR strategy was carried out using 1 μl of the first PCR product with above-described protocol. For seminested PCR amplifications, we used three primer sets: mitL112 and mitH61 (5′-GCTGGTTTCACGCGGCATGG 336 ) for set A; mitL120 (5′-ACCACCATTAGATCACGAGC
318
) and mitH124 for set B; and mitL105 (5′-CCATGCTCACAC ATTAACTGAGGTT 537 ) and mitH106 for set C (Watanobe et al., 2001) . To ensure reliability, we repeated the amplifications independently at least twice for each sample, and blank extracts were amplified in parallel with the samples. PCR products were purified using a QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany) and used as sequencing templates. Nucleotide sequences of both strands were determined using an Applied Biosystems 3130 Genetic Analyzer with a BigDye Terminator Cycle Sequencing Kit (Applied Biosystems by Life Technologies). Nucleotide sequences of PCR products from the same samples were then examined to see whether they are identical. When nucleotide sequences from both strands were different from each other, a third PCR amplification and subsequent direct sequencing were done to verify the sequence. Furthermore, the aforementioned first and seminested PCRs for each sample were repeated at least twice in another laboratory. Nucleotide sequences from these PCR products were then independently verified. To avoid contamination from extant PCR products, PCRs for aDNA were performed in separate experimental laboratories.
Molecular phylogenetic analysis
Phylogenetic trees were constructed using aDNA haplotypes from the Noguni B shell midden and 42 haplotypes of Sus derived from National Center for Biotechnology Information (NCBI) database (Table 2) . Haplotypes from the NCBI database consisted of 11 haplotypes of ancient specimens derived from archaeological sites in the Okinawa Islands , 7 European Sus, and 24 East and Southeast Asian Sus including 5 haplotypes of modern Ryukyu wild boar. In addition, a sequence of mtDNA Dloop regions derived from desert warthog (Phacochoerus aethiopicus) was used as outgroup of phylogenetic trees.
A neighbor-joining (NJ) tree (Saitou and Nei, 1987) was made using the Molecular Evolutionary Genetics Analysis Software version 4.0 (MEGA 4) (Tamura et al., 2007) . Nucleotide sequences were aligned with ClustalW (Thompson et al., 1994) , and the numbers of sequence differences among haplotypes (p-distances) were calculated in pairwise deletion. We used 1000 bootstrap replications to test the reliability of clustering of operational taxonomic units (OTUs). In addition, a median-joining (MJ) network was constructed using the same data set by application of Network 4.5.1.6 software (Fluxus Technology, Suffolk, England) (Bandelt et al., 1999) .
Results
Morphological analysis of tooth specimens
We present the length and breadth of the M 3 distribution of Sus from each archaeological site in the Okinawa Islands and modern Ryukyu wild boar in Figure 3 . Noguni samples had a size range smaller than other ancient and modern samples in the Ryukyu Islands (Figure 3) .
For statistical analysis, we used measurements from Noguni, Gushibaru, and RWB because these three categories had an adequate number of samples. To assess whether or not the length and breadth of M 3 from these three categories obey a normal distribution, the Shapiro-Wilk test was carried out with a significance level at 5%. The result of this test suggested that both the length and breadth of M 3 from all categories obey a normal distribution (P > 0.05). The estimated means and 95% confidence intervals (CI) for length of M 3 of these three categories are as follows: Noguni (22.7, 22.4-23.0); Gushibaru (27.1, 26.2-28.0); RWB (26.7, (Figure 4 ). The estimated means and 95% CI for breadth of M 3 of these categories are as follows: Noguni (11.3, 11.2-11.4); Gushibaru (12.9, 12.6-13.2); RWB (12.9, 12.6-13.2) (Figure 4) . Then, the multiple comparisons were performed to confirm whether the means of the length and breadth of M 3 from Noguni, Gushibaru, and RWB are significantly different from each other. To test equalities of variances of the length and breadth of M 3 from these three categories, Bartlett's test was carried out with a significance level at 5%. The results of this test suggested that variances of the breadth of M 3 are equal across Noguni, Gushibaru, and RWB (P > 0.05). However, it was suggested that variances of the length of M 3 from these three categories are not equal (P = 8.2 × 10 −3 ). For these reasons, to conduct pairwise analysis, we used Welch's test and Student's t-test with a significance level of 5% for the means of the length and breadth of M 3 , respectively.
The differences in the length of M 3 between Noguni and Gushibaru, as well as between Noguni and RWB, were significant (P < 2 × 10 −16 and P = 4.4 × 10 −16
, respectively). However, the difference between Gushibaru and RWB was not significant (P > 0.05). Moreover, The differences of the breadth of M 3 between Noguni and Gushibaru, as well as between Noguni and RWB, were also significant (P < 2 × 10 −16
and P = 4.1 × 10
, respectively). The difference between Gushibaru and RWB was consistently not significant (P > 0.05). Based on these results, we concluded that the Noguni samples were statistically smaller than those of Gushibaru and RWB. At the same time, it is suggested that mean length and breadth of M 3 of Gushibaru was similar to that of RWB.
In addition, measurements from the Ara shell midden, the Nagarabaru West, and East shell midden in Ie Island have a size range similar to Gushibaru (Figure 3 ). When we included measurements from these three archaeological sites with the data from Gushibaru, we obtained basically the same results as the above-mentioned analyses (data not shown). Furthermore, it was found that measurements from the Ohara shell midden are separated from the distribution of measurements from other sites in this study (Figure 3) . However, we excluded the data from this site from statistical analyses due to the small sample size.
Molecular phylogenetic analysis of aDNA
Nucleotide sequences of aDNA were successfully amplified from nine specimens from the Noguni B shell midden (Table 3) . Three fragments of mtDNA D-loop region were amplified by three primer sets: fragment (f) A (214 bp) by primer set A, fB (248 bp) by primer set B, and fC (166 bp) by primer set C. The location of each fragment in the D-loop region is shown in Table 3 . In this study, three fA, four fB, and three fC fragments were obtained from samples of the Noguni B shell midden. Normally we combine these three fragments and use a longer sequence for phylogenetic analysis. In this study, however, there were no samples in which all three fragments were successfully amplified. For this reason, we carried out phylogenetic analyses using each fragment separately.
To assess the phylogenetic relationships between samples of the Noguni B shell midden and other Sus including modern Ryukyu wild boar, the NJ tree of fA was constructed ( Figure 5 ). Forty-two sequences obtained from NCBI were also used in this analysis (Table 2 ). Consequently, haplotypes * 3 Haplotype numbers are correspond with those Figure 5 , 6, 7, and 8.
were divided into four clusters: East and Southeast Asian Sus; Modern Ryukyu wild boar; Italian wild boar; and European Sus clusters. Although bootstrap values for each cluster were low, the topology of Figure 5 is similar to phylogenetic trees obtained by using longer nucleotide sequences of mtDNA D-loop region from Sus in previous studies (e.g. Watanobe et al., 1999 Watanobe et al., , 2002 .
The sequence from Noguni 564, which is identical to the haplotype from the Nagarabaru West shell midden, clustered with haplotypes from modern Ryukyu wild boar. Other haplotypes from the Noguni B shell midden (Noguni 569 and Noguni 570) did not cluster with haplotypes from modern Ryukyu wild boar, but were classified into East and Southeast Asian Sus cluster. In addition, the sequence from Noguni 569, Laiwu black, a Chinese domestic pig breed, and Jeju native pig were identical to each other. Phylogenetic trees of Figure 3 . Size of lower third molar of the Sus in Okinawa sites and modern Ryukyu wild boar. Each symbol represents a single specimen. Length and breadth of M 3 are on the x-axis and y-axis, respectively. The number of specimens from archaeological sites is indicated in Figure 1 and Table 1 . Each category name, except modern Ryukyu wild boar, represents the number given to the archaeological sites in Figure 1 . sample no. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 5 5 5 1 1 1 2 2 2 3 3 3 4 4 4 4 5 5 6 7 7 0 0 3 5 5 5 5 6 6 6 6 7 7 7 8 9 9 9 1 2 3 3 4 4 5 5 5 6 7 7 8 8 9 9 0 1 3 3 4 6 6 8 8 8 9 2 5 6 7 8 8 8 9 2 3 3 3 4 4 5 5 8 8 9 9 9 5 7 3 4 7 1 7 8 0 5 9 3 4 5 9 4 9 0 2 3 2 5 2 1 6 7 8 1 3 6 7 0 3 9 5 1 2 7 4 2 3 9 2 3 0 5 6 9 6 8 1 2 6 8 9 3 4 5 3 5 6 0 2 9 2 1 1 6 5 4 5 6 0 9 0 1 8 1 9 0 2 1 4 3 4 5
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Archaeological sites in the Okinawa Islands were listed in boldface.
Data from previous study * 3
Nucleotide position 7 corresponds to the 131st position of the mtDNA control region sequence described in Watanobe et al. (2002) . A dot (·) denotes nucleotide identity with AY230827, a dash (-) denotes a gap.
Three fragments of mtDNA D-loop region were amplified by three primer sets: fragment (f) A (214 bp) by primer set A, fB (248 bp) by primer set B, and fC (166 bp) by primer set C.
fB and fC show that sequences of modern Ryukyu wild boar consistently belonged to a single cluster, and haplotypes of the Noguni B shell midden were always in different clusters from modern Ryukyu wild boar (data not shown). Figure 6 shows the MJ network of fA (those of fB and fC are not shown). Noguni 564 was closely related to Ryukyu wild boar. However, Noguni 569 and Noguni 570 were distantly related to Ryukyu wild boar (Figure 6 ). These results indicate that Noguni samples included haplotypes that were genetically different from those of modern Ryukyu wild boar.
To evaluate the degree of genetic differences between haplotypes from the Noguni B shell midden and modern Ryukyu wild boar, we constructed three phylogenetic trees using sequences of fA, fB, and fC from the Noguni B shell midden and modern Ryukyu wild boar, respectively. These NJ trees indicated that some sequences from the Noguni B shell midden form different clusters from modern Ryukyu wild boar. For example, all sequences of Ryukyu wild boar were identical, but sequences of the Noguni B shell midden form different clusters from them in the phylogenetic tree of fB (Figure 7) . Moreover, in an NJ tree of combined sequences of fA and fC, one available sequence from the Noguni B shell midden (Noguni 570) was not grouped with the Ryukyu wild boar cluster (Figure 8 ).
Discussion
In this study, we analyzed Sus bones and teeth excavated from the Okinawa Islands, focusing on the Noguni shell middens, using morphological and molecular approaches. The result of morphological analysis revealed that tooth samples from the Noguni shell middens were significantly smaller than other ancient samples from the Okinawa Islands and modern Ryukyu wild boar. Using a larger number of samples, our study confirmed the earlier observation by Kawashima and Muraoka (1984) that the sizes of mandible from the Noguni B shell midden were smaller than those of modern Ryukyu wild boar. Moreover, the present study shows that tooth samples from the Gushibaru shell midden on Ie Island had the same size range as those of modern Ryukyu wild boar from Okinawa main island (Figure 4 ). This result suggests that Sus individuals from the Gushibaru shell midden were derived from Ryukyu wild boar from Okinawa main island. As a corollary to this suggestion, Watanobe et al. (2002) detected fragmented nucleotide sequences from materials of the Gushibaru shell midden, which was genetically close to those from modern Ryukyu wild boar. Using statistical analysis, our study proves that samples from other archaeological sites in Ie Island (Ara shell midden, Nagarabaru West, and East shell midden) had Table 2 . More than 50% bootstrap values based on 1000 replicates are shown at branch nodes in bold and italic. Warthog (Phacochoerus aethiopicus: AB046876) was used as outgroup. similar size ranges to samples from the Gushibaru shell midden and modern Ryukyu wild boar. Watanobe et al. (2002) also detected two haplotypes from bone samples of the Nagarabaru West shell midden, which are clustered with haplotypes from modern Ryukyu wild boar. These two haplotypes from the Nagarabaru West shell midden were also clustered with those from modern Ryukyu wild boar in this study ( Figure 5 ). Based on these results, we conclude that Sus individuals from archaeological sites in Ie Island were Ryukyu wild boar brought from the Okinawa main island. The possibility remains that Sus individuals from archaeological sites in Ie Island also included a lineage different from that of modern Ryukyu wild boar, because Watanobe et al. (2002) also detected haplotypes from the Ara shell midden that are clustered with haplotypes from East Asian domestic pigs. Our morphological analysis, however, did not show size differences between samples from the Ara shell midden and modern Ryukyu wild boar. On the other (Table 2) . Bootstrap values based on 1000 replicates are shown at branch nodes. Warthog (Phacochoerus aethiopicus: AB046876) was used as outgroup.
hand, it was indicated in this study that measurements from the Ohara shell midden in Kume Island are separated from other measurements (Figure 3) , although we could not carry out statistical analyses including samples from this site due to the small sample size.
From molecular phylogenetic analysis, nucleotide sequences of aDNA were successfully amplified from nine specimens from the Noguni B shell midden. Since it was very difficult to amplify aDNA from archaeological specimens, we could not obtain a combined nucleotide sequence of fA, fB, and fC. For this reason, molecular phylogenetic analyses were carried out by using one of these three fragments at a time. From the NJ tree of fA, it is suggested that all of haplotypes in this study were divided into four clusters ( Figure 5 ). Although bootstrap values for each cluster in this NJ tree were low, the topology of tree was consistently similar to that of previous studies (e.g. Watanobe et al., 1999 Watanobe et al., , 2002 . In the NJ tree using 2184-2185 bp combined sequences of the control and the cytochrome b regions (Watanobe et al., 1999) , bootstrap values were very high for the clusters of East Asian domestic pig and Japanese wild boar, Ryukyu wild boar, Italian wild boar, and European domestic pig (99.7%, 93.2%, 99.9%, 99.8%, respectively). Based on these results, it is considered that distinction of haplotypes of modern Ryukyu wild boar from other Sus clusters is also possible by using only fA. In this study, the NJ tree and the MJ network of fA showed that some samples from the Noguni B shell midden have different mtDNA haplotypes from modern Ryukyu wild boar ( Figure 5 , Figure 6 ). Furthermore, we also detected haplotypes from the Noguni B shell midden that did not cluster with those from modern Ryukyu wild boar by aDNA analyses using fB, and combined sequences of fA and fC ( Figure 7, Figure 8 ). These results suggest that a Sus population distinct from modern Ryukyu wild boar existed among the samples from the Noguni B shell midden.
Concerning the origin of this Sus population from the Noguni shell middens, two hypotheses can be inferred. The first hypothesis assumes that some Sus individuals of the Noguni shell middens were imported to the site from other locations by humans. The Ryukyu Islands can be archaeologically divided into three regions: North, Central, and South (Kokubu, 1972) . The North region consists of a part of the Satsunan Islands (the Osumi Islands and the Tokara Islands). The rest of Satsunan Islands (the Amami Islands) and the Okinawa Islands form the Central region, and the South region consists of the Sakishima Islands. The Noguni shell middens are located in the Central region (Figure 1) . Some cultural factors of prehistoric North and Central regions, e.g. pottery, were considered to be related to Jomon culture in Kyushu (e.g. Takamiya, 1994; Ito, 1999) , suggesting cultural interaction of the North and Central regions with mainland Japan. However, archaeological evidence indicates that the prehistoric South region was culturally linked to Southeast Asia. For instance, Kidder et al. (1994) have pointed out the similarity of shell adzes between prehistoric Philippines and the South region of the Ryukyu Islands. It has also been suggested that the South region had no archaeological links with North and Central regions until c. 12th century AD (Ohama, 1999) . Based on this archaeological evidence, the possibility that the Sus population of the Noguni shell middens was derived from the north, from mainland Japan or from the Asian continent via the Kyushu region should be considered. In this case the transported Sus cannot be hunted wild boar because the size of wild boar in both mainland Japan and the Asian continent is much larger than modern Ryukyu wild boar (e.g. Nishinakagawa et al., 1999; Hongo et al., 2002) . It is known that a reduction in tooth size is a characteristic of domestication (Flannery, 1983) . Therefore we suggest the possibility that the smallsized Sus group of the Noguni shell middens might be domestic pigs that were introduced by humans. In fact, the phylogenetic tree of fA shows that one of the haplotypes from the Noguni B shell midden (Noguni 569) was identical with a haplotype from Laiwu black, a Chinese domestic pig breed, and Jeju native pig ( Figure 5) . Moreover, based on nitrogen isotope analysis data, Minagawa et al. (2005) suggested that domestic pigs may have been imported to the Noguni shell middens from agricultural areas of China or the Korean peninsula. Mainland Japan cannot be the origin of the Noguni pigs, because there is no concrete evidence that domestic pigs existed in this period in mainland Japan. If some specimens in the Noguni group were actually domestic pigs which were imported by humans, they were probably imported directly from the Asian continent to the Ryukyu Islands during prehistoric times. Previously, Watanobe et al. (2002) detected haplotypes of mtDNA that were not similar to Ryukyu wild boar but genetically related to East Asian domestic Sus lineage from early Yayoi-Heian period sites (c. 2000-1700 uncal. BP) in the Okinawa Islands. These haplotypes from previous studies and some haplotypes from the Noguni B shell midden analyzed in this study belonged to an East and Southeast Asian Sus cluster ( Figure 5 ). Although these results support the possibility of import of domestic pigs from East or Southeast Asia, we cannot specify the geographical origin of the Noguni group genetically because the length of nucleotide sequences in this study is too short to distinguish clearly each cluster in East and Southeast Asian Sus mtDNA lineages. Due to the lower bootstrap value, we were not able conclude whether or not these haplotypes from the Noguni B shell midden and later sites in Okinawa are derived from the same population.
The second hypothesis assumes that the wild boar that inhabited the Ryukyu Islands during prehistoric times had a wider genetic variability than that of modern wild boar. Ryukyu wild boar is thought to be a relic from the Pleistocene (Imaizumi, 1973) , having migrated to the Ryukyu Islands from the Asian continent when these regions were connected to each other, i.e. 1.7-1.2 million BP or 30000-10000 BP (Kizaki and Oshiro, 1980) . Although the timing of land bridges between the Ryukyu Islands and the Asian continent is not clear, there could have been multiple migration events of wild boar populations from East or Southeast Asia to the Ryukyu Islands during the Pleistocene. Some of the wild boar populations might have become extinct since then. Both previous and present studies show that all of mtDNA haplotypes of modern Ryukyu wild boar formed a unique cluster in phylogenetic trees (e.g. Watanobe et al., 1999) . A possibility still remains that Noguni 569 and 570 represent mtDNA lineages of ancient wild boar which no longer exist among modern Ryukyu wild boar ( Figure 5, Figure 6 ). We do not have enough samples to deny or confirm this hypothesis, because we could use only 5 haplotypes derived from 14 individuals of modern Ryukyu wild boar in our study. These 5 specimens are from only 3 of the 7 islands where the Ryukyu wild boar live today. Therefore, the genetic variation of modern Ryukyu wild boar has not yet been completely clarified. In this study, we detected a fragmented nucleotide sequence (Noguni 564) that was genetically close to modern Ryukyu wild boar. This result corroborates with the study by Watanobe et al. (2002) , which detected haplotypes from the Nagarabaru West shell midden that clustered with haplotypes of modern Ryukyu wild boar. Therefore, we can conclude that a Sus mtDNA lineage genetically related to the modern Ryukyu wild boar populations has existed since at least the age of Noguni shell middens.
The present study could not obtain results that fully deny or support one of the above-mentioned hypotheses. Our present study, however, suggests a possibility that multiple mtDNA lineages of Sus that had different genetic origins could have existed in the Ryukyu Islands during prehistoric times. This is a similar case as our previous study in Vietnam, in which we have reported that there are multiple mtDNA lineages of wild boar and pigs in recent Vietnam including those close to modern Ryukyu wild boar Ishiguro et al., 2008a, b) . To examine the possibility of a wider range of genetic variability among prehistoric Ryukyu wild boar, we need a larger number of samples of both ancient Sus and modern Ryukyu wild boar. We also need to expand our research to cover the entire Ryukyu Islands, as well as Southeast Asia.
